Abstract-A biomechanical model of the human shoulder complex is proposed for quasi-static and dynamic estimation of the muscle forces and joint reaction forces in the glenohumeral joint. The model bases itself on the Garner & Pandy model but adds a dynamic layer. The muscle forces are estimated using a two stage approach. First, a set of joint motions are estimated using a minimal set of coordinates. Second, inverse dynamics combined with static optimization are used to estimate the associated muscle forces. To improve the solution, the muscle force estimation problem is decomposed into two parts solved sequentially: i) the forces in the muscles spanning the glenohumeral joint are found and ii) the rest of the forces are found so as to satisfy the equilibrium condition. The minimal set of coordinates are also found using the same decomposition of the system. The muscle-force and joint reaction force results are compared to values found in the literature.
I. INTRODUCTION
The shoulder is a highly complex part of the human body comprising of three bones, the clavicle, scapula and humerus, held together with the thorax by more than twenty muscles. Since the first model was developed in 1965 [1] , a large number of models have since then been developed (reviewed in [2] ). Despite the large number of models, there still remains a certain level of uncertainty in the research community regarding modeling techniques. The model presented in this paper considers the thorax, clavicle, scapula and humerus linked through the sternoclavicular (SC), the acromioclavicular (AC) and glenohumeral (GH) joints. Each joint is considered as an ideal spherical joint with three degrees of freedom [3] . The link between scapula and thorax (Scapulo-Thoracic, ST) is modeled using two pointto-surface-contact constraints ( [4] , [5] ) making the model a closed-loop kinematic chain with a total of 7 degrees of freedom. Over the skeletal layer of the model, a set of 28 muscle parts, representing 16 muscles, are considered and inserted into the model using a set of wrapping algorithms from [6] . The data-set used to generate the kinematic model is taken from the Visible Human Project (VHP) [5] and [7] with the addition of inertia data from [8] . The kinematic and muscle force redundancy problems are resolved using a decomposition of the shoulder into two parts. The shoulder girdle is viewed as a positioning platform for the glenohumeral joint around which the humerus rotates. Thus, a minimal set of kinematic coordinates are defined according to this decomposition. The muscle forces are then estimated by first solving for the forces in the muscles spanning the glenohumeral joint, and then the muscles actuating the shoulder girdle. The estimation problems are solved using a geometric technique from [9] .
The paper is organized as follows. Sections 2 and 3 describe the kinematic and dynamic models. Section 4 describes how both kinematic and muscle-force redundancy problems are solved. Section 5 presents the results which are then discussed in Section 6. Finally, section 7 concludes the paper.
II. KINEMATIC MODEL OF THE SHOULDER

A. Joint coordinates and reference frames
To describe the spatial configuration of the kinematic model presented in the introduction, each bone is attributed with a local origin and reference system (O i , e Figure 1 . The origins are placed at the center of the joint at the proximal end of the bone with respect to the kinematic chain. The reference frame for the thorax, which is fixed, is placed at the center of the jugular incision (IJ). It is the absolute reference frame. where X i represents the bone configuration space. The shoulder configuration space X S is then defined as the cartesian product of the bone configuration spaces leading to
Anterior
Each bone is also attributed with a workspace W i equivalent to the cartesian coordinate space of the local reference frame. Thus a point on a bone is described by
To compute the coordinates of a point p i in the absolute workspace, a set of maps are defined by
where R j is a rotation matrix constructed using the joint coordinates. The joint angles are referenced by defining the zero rotation configuration of a joint when its reference system is aligned with the absolute reference system and thus the maps ξ j are implicit functions of the joint coordinates ξ j (x j , p j ).
B. Constraints
To complete the model of the shoulder, the ST contact joint is modeled by constraining two points along the medial border of the scapula (SM and IM) to remain at a constant distance from the thorax modeled as an ellipsoid as shown in Figure 2 (see [4] and [5] for details). The constraints are of the form
where a, b and c are the ellipsoid half axis. A map of the form (4) is also defined, using a constant rotation matrix, to pass from the ellipsoid reference system W e to the absolute reference system.
C. Forward Kinematic Model
The forward kinematic model is defined as the map between the joint configuration space X S and the end-effector workspace W S chosen as the position in the absolute reference frame of the humeroulnar joint (HU). The map is obtained by fixing the points p j in (4), yielding
By adding the constraints to the model, the joint configuration space becomes an embedded sub-manifold of R 9 of dimension 7, denoted M S . 
III. DYNAMIC MODEL OF THE SHOULDER
A. Equations of motion
To define the dynamics of the system, each bone is given a mass M i and inertia I i (i = c, s, h) attached to the bone's center of gravity. The center of gravity of the clavicle was set mid way between the SC and AC joints. The scapula center of gravity was set one third of the way from the AC joint towards the IM point. The arm (humerus) center of gravity was defined at the center of the UL joint. Using Lagrangian mechanics and setting the generalized coordinates as the joint coordinates x S , dynamic equations of the following form are obtained
where M(x S ) is the dynamic inertia matrix containing the inertias I i and masses M i . The term h(x S ,ẋ S ) is a vector containing the internal dynamics including the effect of gravity. The vector f ext contains the generalized external forces comprised of muscle forces and constraint forces
B. Generalized Forces : Muscles
The model includes 16 muscles divided into 28 muscle segments (first 28 muscle segments from [7] see Figure 3 ). The muscles are inserted into the model using the muscle wrapping algorithms from [6] . The muscle wrapping provides a geometric model of the muscles. To compute the muscle contribution to the external forces, the geometric model is translated into a torque-force model using the approach presented in [9] . Thus a map between generalized forces and muscle forces is obtained and defined by
where P represents the 9 × 28 moment arm matrix. Details on computing this matrix can be found in [9] .
C. Generalized Forces : Constraints
In the kinematic model, the joint configuration space is defined as an embedded sub-manifold of R 9 of dimension 7 because of the two constraints defining the scapulothoracic gliding plane. To embed the dynamics onto the same manifold, the constraints are inserted into the model as forces using the lagrangian multipliers method. This method effectively adds a force normal to the constraint manifold keeping the dynamics from violating them. The total force is the sum of the two forces from each constraint defined by
where λ SM and λ IM are the two lagrangian multiplier associated to each of the constraints and represent the amplitudes of the forces. To fully define the dynamic model, the constraint equations (7) are added to the dynamic equations (8) leading to a set of differential algebraic equations
IV. RESOLVING THE REDUNDANCY OF THE SHOULDER The process of estimating the muscle forces using the kinematic and dynamic models previously defined is comprised of two parts. First, a movement of the joints x S (t) is generated using the kinematic model. Given a motion of the endeffector HU t (t) (HU joint), the associated joint coordinates are generated [3] . Second, using inverse dynamics with static optimization, the muscle forces F are obtained [9] , [4] and [11] .
A. Muscle Force Estimation
Consider a joint motion defined by x S (t),ẋ S (t) andẍ S (t) satisfying the constraints (13)- (14) . Since the constraints are satisfied, there are no constraint forces in (12) and the generalized forces are easily defined by inverse dynamics
However, because the scapula is in contact with the thorax, forces are created at the contact surface. To re-introduce these forces into the model, two extra forces are defined within the muscle contribution f msc ext and equation (10) is redefined as f
where P c is the 9 × 2 moment arm matrix of the two forces and F c the force magnitude vector. The constraint moment arms are computed by imposing that the forces are applied at the points SM and IM and that they are always normal to the surface of the thorax ellipsoid. Using inverse dynamics leads to a set of generalized muscle forces f msc ext (t). The muscle force estimation problem is to invert the map defined by (16) between generalized forces and muscle forces under the muscle force positivity and maximum strength constraints 0 ≤F ≤F max .
Indeed, (16) defines a locally linear, surjective map from the muscle forces space F S ⊂ R 30 to the generalized forces space
Since dim(F S ) > dim(G S ), the problem is highly redundant and there exist multiple solutions. To find a solution, the problem is defined as a constrained static optimization problem formulated as
where g(F) is a cost function to be defined subsequently. Rather than solving the problem in its complete form (19)-(21), the problem is decomposed. This creates two smaller problems with less degrees of freedom making it easier to solve. The decomposition is obtained by viewing the thorax, clavicle and scapula as a positioning mechanism for the GH joint while the humerus rotates freely around the joint as shown in Figure 4 and defined in [12] . This separation of the system is easily identified in the map (16). Indeed, the matrixP has the following decompositioñ
where
The matrix P GH contains the moment arms of the muscles spanning the GH joint, namely PMJ, LTD, DLT, SUPR, INFR, SBSC, TMN, TMJ and CRCB. Thus the GH joint stabilization problem of finding the forcesF GH in the muscles spanning the joint can be solved separately. Once a solution to this problem is obtained, the shoulder girdle stabilization problem of finding the forcesF SC-AC in the remaining muscles (SBCL, SRA, TRP, LVS, RMN, RMJ, PMN) is solved so that the equilibrium condition is satisfied. Since some of the muscles span all three joints, residual torque from the first problem must be retracted from the second problem through the matrix (P SC-AC ) 2 . The two smaller optimization problems are thus defined as
Both of these problems are solved sequentially taking the following cost function and using the geometric approach from [9] .
This method solves the problem by finding an initial solution using a pseudo-inverse of the map (16). The solution is then corrected using a vector belonging to the kernal of χ. This vector is found by solving a simpler quadratic programming problem obtained through parameterization of the cost function as a function of the correction vector.
B. Joint Motion Estimation
In the previous section, the joint motion x S (t) was necessary to invert the dynamics. This motion is obtained through the kinematic model (6)- (7) . Since the system is kinematically redundant, a solution can be found using inverse kinematics, however it is hard to find a physiologically satisfying solution because of the high degree of redundancy. For this reason, a simpler approach is used that reflects the decomposition of the muscle force problem previously described. First a minimal set of coordinates y S to describe the joint configuration manifold M S are defined together with a map Ψ from the minimal set y S to the full set x S Ψ :
The decomposition of the system into thorax, clavicle and scapula as a positioning mechanism of the GH joint and the humerus as a manipulator rotating around the joint shows that the last three minimal coordinates ((y S ) 5 , (y S ) 6 , (y S ) 7 ) are attributed to the GH joint coordinates while the rest are attributed to defining the configuration of the positioning mechanism. The first coordinate (y S ) 1 is directly attributed to the joint coordinate θ c 1 associated to the rotation of the clavicle around it's longitudinal axis. The three remaining coordinates thus describe the configuration of the shoulder girdle (i.e. scapula & clavicle). The configuration in space of
Ellipsoid surface SC-AC Axis a solid with respect to an absolute reference frame and origin can be described using the position of three points on the solid. Namely, if the configuration of the scapula is described with respect to the positions of the AC, SM and IM points, the configuration of the entire shoulder girdle is defined. Indeed, once the scapula configuration is obtained, the clavicle's configuration is obtained because the orientation of the SC-AC axis is defined and the rotation around this axis is a degree of freedom. Thus the three remaining coordinates are used to describe the configuration of the points AC, SM and IM. The second and third coordinates ((y S ) 2 , (y S ) 3 ) are used to describe the position of the IM point on the ellipsoid as shown in Figure 5 , while the fourth coordinate ((y S ) 4 is used to define the motion of the SM point around the IM point. This is effectively done by using the geometric constraint between the SM and IM points as well as the constraint of the SM point and ellipsoid. Indeed, the SM point moves along the intersection between the ellipsoid and a sphere centered at the IM point. The coordinate parameterizes the motion of the SM point along this intersection which evolves with the position of the IM point. The AC point position is obtained in a similar manner using the constraints between the AC, SM, IM and SC points. Since there are three constraints, the AC position is totally defined. The map Ψ to pass from the minimal configuration space Y S ⊂ R 7 to the full joint configuration space X S ⊂ R 9 is obtained using geometry. Given the position of the three points on the scapula, the shoulder girdles' configuration is known and thus the rotation matrices of the maps (4) are also known and the map Ψ is well defined.
C. Movements
The movement for which the forces are estimated is abduction in the scapular plane, from 0
• to 150
• . A suitable set of coordinate paths which produce physiological movement are obtained from observations on shoulder motion [13] . Namely each path is defined by the following expressions 
VI. DISCUSSION
The model was developed for the purpose of estimating muscle and joint reaction forces during shoulder movements. Figure 6 shows results which are similar to results obtained using a simpler model [9] and [14] . The GH joint reaction force increases with a maximum around 60% bodyweight and then decreases. The value of the maximum increases with the speed of the motion. Analyzing the muscle forces, the results are in agreement with results from the literature [4] and [14] . The anterior and middle parts of the Deltoid (DLTc, DLTa) are active during the entire motion making a bell curve with the maximum situated around 90
• absolute abduction. However, the posterior part of the Deltoid (DLTs) is not active at all and the Supraspinatus (SUPR) shows to be inactive after 90
• absolute abduction. These results do not agree with the in vivo results from [14] . The Teres minor and major muscles (TMN, TMJ) also show some strange behavior. The source of these behaviors was traced to the map (18) between generalized forces and muscle forces. Consider the simple two-dimensional system (Figure 7 ) consisting of a two arm manipulator A muscle represented by a cable is attached to both bars at mid length. Now consider both joints to be in the position shown in Figure 7 (left) and the muscle is contracted creating equal and opposite forces at the attachment sites. Using a standard analytical approach to compute the moment arms leads to the muscle creating torque around the joint which it spans and the other joint. Indeed, in simulation if the joints are released at t = 0, the system rotates around both joints as shown in Figure 7 (right) confirming that muscles create moment arms around the joints which they span as well as around the neighboring joint which lies inward with respect to the kinematic chain direction. Thus muscles which span the GH joint for example, create moment arms both around the GH joint and the AC joint. This point generated problems in the model as will be discussed. In the model, there are a certain number of muscles originating on the thorax and inserting on the scapula creating moment arms around the SC and AC joints. Since the muscle forces all pass through the AC joint, the moment arms around the SC joint all belong to the same subspace of R 3 of dimension 2 because they all share the same lever arm with respect to this joint: the SC-AC segment. Furthermore, other muscles originating on the clavicle and inserting on the humerus also create moment arms around the SC joint which do not belong to this subspace and therefore must compensate each other. In simulation it was initially observed that the muscles could not compensate each other under the constraint (17). The source of the problem was traced to the database from [7] were it was found that the trapezius muscle is badly modeled. A suitable correction was thus made to the model. This point underlines a serious gap in the understanding of how the muscles affect the map (18) and it is our belief that the map should play a much more central role in generating muscle models.
A final point of discussion is the minimal set of coordinates used to describe the kinematics of the system. A similar approach was used in [3] but with the difference that the ST contact is defined using a single point instead of two. Also the motion of this point is directly parameterized as a function of the shoulder girdle joint coordinates and inverse kinematics are used to generate the joint coordinate motions from the ST contact point motion. The advantage of the minimal set of coordinates used in this paper over inverse kinematics is that inverse kinematics involves spaces with large dimension which are difficult to understand and use since the coordinates they involve are not always physically meaningful, while the minimal set of coordinates are easily understood since they correspond to coordinates of physical points.
VII. CONCLUSION
In this paper a model of the shoulder has been proposed. The model is based on the model of Garner & Pandy [5] but with an additional dynamic layer and has thus far been used to estimate muscle forces and joint reaction forces from shoulder abduction in the scapular plane. The forces were estimated using a classic approach of inverse dynamics and static optimization using a geometric method previously published [9] . Then, by viewing the shoulder girdle as a positioning platform of the glenohumeral joint around which the humerus joint revolves. The problem was decomposed into the problem of finding the forces in the muscles which span the glenohumeral joint and then to solve for the remaining muscles forces actuating the shoulder girdle to satisfy equilibrium. The results are of the same order of magnitude as those found in the literature. Furthermore, the kinematic redundancy problem for generating joint motions necessary to invert the dynamics used a similar technique of defining a minimal set of coordinates decomposed into two groups. A first group of four coordinates associated to the shoulder girdle with a second group of three coordinates associated to the humerus. The paper also underlines the importance of muscle modeling on the force estimation problem. Indeed, it was shown that the hypothesis used in [5] for modeling muscle moment arms leads to a bad moment arm matrix linking joint torques and muscle forces which in turn yields bad muscle force estimations. Thus a future step would be to review the muscle geometries while evaluating the effect they have on the moment arm matrix to obtain a better map between muscle forces and joint torques. Finally, a more in-depth analysis of the minimal set of coordinates would also bring insight into how to generate physiological motions of the entire shoulder in a simple and effective manner.
